Chiral edge currents play an important role in characterizing topological matter. In atoms, they have been observed at such a low temperature that the atomic motion can be measured. Here we report the first experimental observation of chiral edge currents in atoms at room temperature. Staggered magnetic fluxes are induced by the spatial phase difference between two standing-wave light fields, which couple atoms to form a momentum-space zigzag superradiance lattice. The chiral edge currents have been measured by comparing the directional superradiant emissions of two timed Dicke states in the lattice. This work paves the way for quantum simulation of topological matter with hot atoms and facilitates the application of topological physics in real devices.
The quantum Hall effect [1] reveals a topological class of matter that are charaterized by the Chern numbers of energy bands [2] . The chiral edge currents located at the boundaries of two bulk materials with different Chern numbers are usually measured to investigate the band topology. The chirality of the edge currents is featured by the locking between the direction of the currents and the (pseudo-)spin states of the edge excitations [3, 4] . The chirality is robust against local perturbations and only changes when the energy bands go through a topological transition. Since the edges have a lower dimension than the bulk, the edge currents provide a convenient platform to investigate topological physics in a higher dimension, such as the quantum Hall effect in four dimensions [5, 6] . The chirality of the edge currents persists even when a two-dimensional lattice is reduced to quasi onedimensional ribbons [7] , which has been experimentally demonstrated for ultracold fermions [8, 9] and bosons [10, 11] . In those experiments, the chiral edge currents were measured with the atomic motions and thus were only observed at a low temperature, where the thermal motions are negligible.
Here we report the experimental observation of the momentum-space chiral edge currents in a superradiance lattice [12] [13] [14] of cesium atoms at room temperature. The zigzag lattice that we have synthesized is similar to the ladder structures in the experiments with cold atoms [7, 8, 11] and is currently under intensive investigation [15] [16] [17] . Different from the momentum-space lattices characterized by the recoil momentum of cold atoms [17, 18] , the superradiance lattice is a momentum-space lattice composed by the timed Dicke states [19] , which are collective atomic excitations with phase correlations. The phase correlations can be understood as the momenta of the collective excitations, which have directional The configuration of the lasers. Both the far-detuned (blue) and near-resonant (red) standing wave coupling fields have an angle to thex-axis in order to satisfy the phase-matching condition. The plane formed by the two standing wave coupling light beams is perpendicular to the one formed by the incident and reflected probe beams.
superradiant light emissions when they satisfy the phasematching condition with a light mode [19] . A remarkable advantage of our approach is that the edge currents are observed at room temperature. Instead of measuring the atomic motions [8] [9] [10] [11] , the chiral edge currents are measured by comparing the directional light emissions from two timed Dicke states. Strikingly, the chiral edge currents are robust to room-temperature thermal motions, which only induce an average effect of the chiral edge currents in the real-space Brillouin zone. Our study has substantially lowered the threshold of the experimental observation of chiral edge currents in atoms.
To highlight the physics, we introduce our basic model with Λ-type three-level atoms as shown in Fig. 1 (A) . An excited state |b and a metastable state |a are coupled by two standing waves with different frequencies, i.e., a nearresonant and a far-detuned standing waves with field am-plitude envelopes cos(k c x) and cos(k c x+φ/2), where φ/2 is their spatial phase difference. The detuning between the two standing wave coupling fields is small enough such that the difference between the amplitudes of their wavevectors k c can be neglected. A probe field couples the ground state |c to |b . The Hamiltonian is (we set = 1),
where ∆ c = ν c − ω ba + 4κ is the detuning of the nearresonant coupling field frequency ν c from the atomic transition between |b and |a . ω ba is the bare transition frequency and 4κ is a spatially homogeneous Stark shift induced by the far-detuned coupling fields, which also induce a spatially periodic Stark shift 2κ cos(2k c x + φ). Here κ = Ω By introducing collective atomic excitation opera- 
and
. With the condition that Ω Ω p , most of the atoms are in the ground state |c , andâ † j andb † j are bosonic [12, 20] . For single excitations, Eq. (2) is a Hamiltonian of a tight-binding superradiance lattice composed by timed Dicke states, |B j ≡b † j |c 1 , c 2 , ..., c N and |A j ≡ a † j |c 1 , c 2 , ..., c N . For more excitations, as long as the excitation number is much less than the atomic number, the physics remains the same due to the bosonic nature of the excitations.
The phase factor e iφ in Eq. (2) is induced by the spatial phase difference between the two standing wave coupling fields. Each up and down triangle encloses an effective magnetic flux φ and π − φ, respectively, as shown in Fig. 2 (A) . A direct consequence of this effective magnetic field is the chiral edge currents, which can be demonstrated by the dispersion relation of H s . We diagonalize H s in real space,
where
j=x,y,z σ jĵ is the vector of the Pauli matrices of the pseudo spin-up state |a and spin-down state |b . The dispersion relations in the two bands are E ± = ±h with the eigenstates |ψ + = cos(θ/2)|a + sin(θ/2)|b and |ψ − = − sin(θ/2)|a + cos(θ/2)|b , where θ is the polar angle of n. In Fig. 2 (B) , we plot the dispersion with the "spin texture" σ z . For φ = π/2, most eigenstates concentrate on one of the two edges.
The evolution of the momentum is determined by the dispersion relation in Fig. 2 (B) , ∂p ± /∂t = −∂E ± /∂x [12]. For example, when φ = π/2 and near the energy E = 0, the momentum of an excitation created on the |b -sublattice increases with time (note the negative derivative of the red line), while on |a -sublattices the momentum decreases. This is the essence of chiral edge currents, i.e., excitations on different edges or with different spin states move in opposite directions. To quantitatively clarify this feature, we define the chiral edge currents on the |b -sublattice as [7] ,
where δ(E i − E) is the Dirac delta function. J b (E) characterizes the dynamics of the total momentum of excitations with energy E on the |b -sublattice. We can define a similar quantity for the |a -sublattice. However, we only focus on J b (E) since the probe field couples atoms to the |b state. In Fig. 2 (C To generate J b (E), we apply a weak probe field with detuning ∆ p = E + (ν c − ω ba )/2 to pump the atoms from the ground state to the state |B 0 . The excitation induces J b (E) and is finally balanced by the decoherence of the atomic states. In the steady state, the population distribution is plotted in Fig. 2 (D) . We define β j as the probability amplitude of the state |B j . For φ = 0, the distribution of |β j | 2 is symmetric on both sides of |B 0 , in contrasted to the asymmetric distribution when φ = π/4 and φ = π/2, where the population is biased to j > 0. The result is consistent with Fig. 2 (C) .
In the experiment, we detect the superradiant emissions of two specific timed Dicke states to show the edge currents. The timed Dicke states with a phase correlation that matches the wavevectors of the light in the medium, i.e., |k p + 2jk c | ≈ |k p |, have directional superradiant emissions [19] . In the current scheme where |a and |c are nearly degenerate, the timed Dicke state |B −1 (or |B +1 ) is the only superradiant state besides |B 0 for a probe light incident along +x (or −x). The radiation from these two superradiant states can be considered as the reflectivities R ± of the probe fields incident to the atoms along ±x. The relationship between R ± and β ±1 is (see Methods and a rigorous calculation in Sec. III of the Supplementary Material),
This relation is independent of the density of the atoms, the length of the vapor cell and the phase mismatch. We have used the D1 line of cesium atoms in the experiment: |a = |6 2 S 1/2 , F = 3 , |b = |6 2 P 1/2 , F = 4 and |c = |6 2 S 1/2 , F = 4 (see Methods for details of the experiment). Typical experimental results are shown in Fig. 3 . The reflection spectra depend on the phase φ. Only when φ = 0 and π, we observe R + = R − , as shown in Figs. 3 (A) and (E). For 0 < φ < π, we observe R + < R − , as shown in Figs. 3 (B)-(D) , which indicates a larger population in |B +1 than in |B −1 , resulted from an edge current propagating along +x. This is consistent with the results in Figs. 2 (C) and (D) . In contrast, we observe R + > R − for π < φ < 2π, as shown in Figs. 3 (F)-(H), which indicates an edge current along −x. The differences between the simulation and experiment are attributed to slight asymmetry in the optical alignment, an average of φ along the vapour cell (∆φ ≈ 0.05π) and the Gaussian rather than plane wave profiles of the coupling fields.
In the following, we analyse the robustness of the edge currents against thermal motions. From Fig. 3 , we see that the reflection spectra are not Doppler broadened.
The non-zero region of the spectra coincides with the energy bands of the superradiance lattice. Their scales are both around 30 MHz. This feature of standing-wave coupled electromagnetically induced transparency was already found by Feldman and Feld in 1972 [21] . To understand this, we notice that the atoms that have a Doppler shift larger than the bandwidth is out of resonance with the probe field no matter their positions such that they cannot be excited. For atoms with Doppler shift smaller than the lattice bandwidth, they move in the real-space Brillouin zone and their contribution to the edge currents needs to be averaged with their positions. The chiral edge currents induce a difference between the populations on |B −1 and |B +1 , and subsequently a difference between the two reflectivities
where is the average over the Doppler shifts due to the thermal motions of the atoms. To quantify the effect of the chiral edge currents on the whole reflection spectra, we make average of R d ,
where F = 40 MHz is the frequency range of an integration from −30 MHz to 10 MHz in the reflection spectra.
In Fig. 4 , we show the experimental data and numerical simulation ofR d as functions of ∆ c and φ. For an on-site potential difference ∆ c ≈ 0,R d is approximately a sinusoidal function of the phase φ. This means our method can be used to measure a phase difference between two standing waves. For ∆ c larger than the bandwidth, the inter-edge transitions are inhibited and the effect of the synthetic magnetic field diminishes due to the inefficient loop transitions. As a result,R d decreases rapidly to zero when ∆ c increases. The results in Fig. 4 can be understood as the phase diagram of an extended Haldane model [7] and its relation to the dynamic classification of topological phases [22] will be discussed elsewhere.
The results reported here are substantially different from the temperature-independent edge currents in the photonic lattices [23] [24] [25] [26] [27] , where the propagation of the photons governed by the Maxwell equations is made analogy to the Schrödinger equations [28] . The edge states there are photonic states rather than atomic states. The temperature has no influence on the photons. In our current study, the topological bands are for the atoms and they intrinsically obey the Schrödinger equation. The thermal motions of the atoms make a convenient average of the edge currents. In addition, our lattice is in momentum space, in contrast to the real-space topological photonic lattices. Although the edge currents are detected by light in our experiment, they are currents of collective excitations of atoms in momentum space, not light in real space.
On the other hand, our results are closely related to the spin-orbit coupled system [29, 30] and the momentumspace lattice [17, 18] in cold atoms, with the difference that the momentum is represented by the phase correlation of the collective excitation, instead of the recoil momentum, which is negligible in our study. An extension of our model to higher dimensions [13] can be used to simulate the Haldane model [31, 32] and the two-dimensional spin-orbit coupling [29, 30] . By using Rydberg states [33, 34] we can introduce interactions between the excitations and study the many-body effect in flux lattices [35] . An interesting connection of our results can also be made to the unidirectional reflectionless (invisible) photonic structures [36] [37] [38] [39] , such as the paritytime symmetric materials [40] . We have observed that under certain conditions one of the two reflectivities is nearly zero while the other is big. Another observation is that the transmission of the probe fields in the two opposite directions are the same, although the transmissions are phase-dependent. This is because our system does not break the time-reversal symmetry. It is interesting to note that an effective magnetic field in momentum space does not result in optical nonreciprocity, while an effective electric field in momentum space can break the time-reversal symmetry and induce optical nonreciprocity [41] . Our study provides a new way to measure the spatial relative phase between two light fields that have different frequencies. The phase information is converted to intensity signals. This can be used in phase-contrast microscopy.
We thank B. Gadway, J. Q. You and G. larized beam is detuned by an acousto-optical modulator (AOM) in a double-pass configuration, during which its polarization is rotated to the horizontal direction by a quarter-wave plate. The two coupling fields are then split by 50/50 beam splitters (BS) to form two standing waves. The laser that is detuned by the AOM serves as the near-resonant coupling field. A plane wave component of the far-detuned standing wave goes through an electro-optic modulator (EOM) to tune the spatial relative phase φ/2 between the two standing waves. Each plane wave component of the near-resonant coupling field is aligned to overlap with the counterpropagating component of the far-detuned coupling field. A Toptica DL100 semiconductor laser with vertical polarization is split by a 50/50 BS to generate two counter-propagating probe beams. The probe fields and two coupling fields form a triangular configuration along their propagation direction, as shown in Fig. 1 (B) . The intersection angles between the probe field and the two coupling fields are both 0.62 degree. The intersection angle between the two coupling fields is 1.0 degree. These angles make sure the phase-matching condition can be satisfied assisted by the dispersion of the atomic gas. In addition, the nondegenerate wave-mixing signals are phase matched in a different direction from the degenerate wave-mixing signals that we detect. The e −2 full width of the coupling field is 1.6 mm while the one for the probe field is 0.5 mm. The length of the atomic vapour cell is 2 cm. The probe beam is totally covered by the coupling beams in the atomic vapour. The cell length is small enough that we consider the relative phase between the two standing waves is a constant. The two reflected signals were simultaneously recorded with photodiode detectors.
B. Numerical simulation
The reflectivities R ± are obtained from the coupledwave equations [13] , ∂E p ∂x = −ηImβ 0 E p + iηβ +1 e −i∆kx E r , ∂E r ∂x = +ηImβ 0 E r − iηβ −1 e +i∆kx E p ,
where E p and E r are the slowly-varying field amplitudes of the probe field propagating in +x and the reflected field. η is a parameter relating the probability amplitudes to the susceptibilities [13] . 'Im' stands for the imaginary part. ∆k = 2(k p −k c ) is the wavevector mismatch inx direction. By setting the boundary condition E p (0) = E 0 , E r (L) = 0 where L is the length of the cell, we obtain R + = |E r (0)/E 0 | 2 from the coupled wave equations. On the other hand, by setting E p (0) = 0, E r (L) = E 0 , we obtain R − = |E r (0)/E 0 | 2 . In the Supplementary Material, we show that the coupled-wave equation results in the simple relation in Eq. (5) .
In calculating β j , we have used the master equation that takes into account the decoherence and Doppler shifts of the atoms (see Supplementary Material). We adopt a more rigorous approach based on calculating the Fourier components of the atomic coherences in the reference frame of moving atoms.
